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Genetic recombination that occurs with high frequency during poliovirus genome replication is a process whose molecular
mechanism is poorly understood. Studies of genetic recombination in a cell-free system in vitro and in infected tissue culture
cells in vivo have led to the unexpected observation that temperature strongly influences the loci at which cross-over
between the two recombining RNA strands occurs. Specifically, cross-over between two genetically marked RNA strands in
vitro and in vivo at 34°C occurred over a wide range of the genome. In contrast, recombination in vivo at 37 and 40°C yielded
cross-over patterns that had shifted dramatically to a region encoding nonstructural proteins. Preferential selection of
recombinants at 37 and 40°C was ruled out by analyses of the growth kinetics of the recombinants. During the studies of
recombination in the cell-free system we found that there is a direct correlation between the ability of a poliovirus RNA
molecule to replicate in the cell-free system and its capacity to complement de novo virus synthesis programmed by another
viral RNA. © 1999 Academic Press
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SINTRODUCTION
The high error rate in genome replication and the
henomenon of recombination lead to genetic variation
f RNA viruses that accounts for the astounding diversity
mong RNA virus families (Holland et al., 1990). Interest-
ngly, genetic recombination has been observed only
ith plus-strand RNA viruses that, in turn, can use this
echanism to remove debilitating or even lethal muta-
ions from a replicating genome (King, 1988a; Lai, 1992;
arvis and Kirkegaard, 1992; Wimmer et al., 1993; Cao
nd Wimmer, 1996). Although studied with species of
any different plus-strand RNA families (Wimmer et al.,
993; Lai et al., 1985; Bujarski and Kaesberg, 1986;
irkegaard and Baltimore, 1986; Palasingam and Shak-
ee, 1992; Cascone et al., 1993, and references therein),
he mechanism(s) by which genetic information is ex-
hanged between two genomes can be different and this
epends on a given virus family (Lai, 1992). In no case
ave all details of the molecular events of genetic re-
ombination been elucidated.
Genetic recombination of RNA viruses was first de-
cribed for poliovirus by Hirst (1962). Although received
ith skepticism, an abundance of data has led to the
onclusion that poliovirus recombination is homologous
nd that it results from minus-strand switching during
enome replication (reviewed in Jarvis and Kirkegaard,
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30991; Wimmer et al., 1993). Indeed, genetic recombina-
ion occurs with high frequency between sibling strands
n infections with a single genotype (Cao and Wimmer,
996). Moreover, recombinants between the three sero-
ypes of the Sabin poliovirus vaccine strains can be
eadily detected in specimens of vaccine recipients (Kew
nd Nottay, 1984). One of the many questions yet to be
nswered is: what factors influence the RNA polymerase
Dpol to pause so that the nascent minus strand can
earch for, and attach to, another plus-strand template?
n other words, what determines the cross-over points
Wimmer et al., 1993)?
We (Duggal et al., 1997) and others (Tang et al., 1997)
ave recently succeeded in achieving genetic recombina-
ion of poliovirus in vitro, that is, in cell-free extracts capable
f supporting de novo poliovirus proliferation. This cell-free
ystem consists of cytoplasmic extracts of uninfected HeLa
ells devoid of nuclei, mitochondria, and cellular mRNAs
hat, when seeded with infectious poliovirus mRNA, leads
o translation and replication of the input RNA followed by
ncapsidation of newly synthesized genomes (Molla et al.,
991). In our experiments, we made use of selectable mark-
rs separated by several thousand nucleotides, and we
cored for recombinants by growing newly synthesized
irus under restrictive conditions. Specifically, we crossed
ild-type poliovirus [PV1(M)gs] whose replication is natu-
ally sensitive to the presence of 2 mM guanidine hydro-
hloride (Gua–HCl; Pincus and Wimmer, 1986) with a chi-
eric virus, PV1(RIPO)gr, a poliovirus whose internal ribo-
omal entry site (IRES) (Jang et al., 1988, 1989; Pelletier and
onenberg, 1988) was exchanged with the IRES element of
uman rhinovirus type 2 (HRV2; Gromeier et al., 1996). This
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31GENETIC RECOMBINATION OF POLIOVIRUShimera replicates very well in HeLa cells but it is highly
estricted in human neuroblastoma cells (Gromeier et al.,
996). In addition, PV1(RIPO)gr carried a mutation in the
oding region of the virus-encoded 2CATPase that conferred
esistance to 2 mM Gua–HCl (Duggal et al., 1997; Pfister
nd Wimmer, 1998). Using these parents we have now
nalyzed in more detail the cross-over points between the
wo genotypes, and we have compared the in vitro recom-
ination results with those obtained in vivo (in infected
eLa cells). Specifically, we were interested in the effect of
emperature on recombination. We report that temperature
34°C vs 37 or 40°C) greatly influences the region of the
enome where cross-over occurs. Although the reason for
his phenomenon is currently unknown, we speculate that
igher order RNA structures may play a role in template
witching.
In the course of our studies of recombination in the
ell-free system we also observed that active replication
f polioviral RNA is required for complementation of
nother replication-impaired poliovirus RNA in the in
itro system.
RESULTS
omplementation in the cell-free system is dependent
n RNA replication
In our previous experiments (Duggal et al., 1997), re-
FIG. 1. A comparison of replication of two different in vitro synthesize
he polioviral cDNA is depicted above the bar chart. The polioviral OR
9 untranslated regions. The two restriction sites used for linearizing
onviral bases) and the PvuI site (adds 626 nonviral bases), are shown
xis and the polioviral titers in log10 PFU/ml are along the Y axis.ombinants between two polioviral strains were isolated tsing two selectable markers: sensitivity to 2 mM Gua–
Cl, a phenotype mapping to the viral 2CATPase in the
V1(M)gs parent (Pincus and Wimmer, 1986; Pfister and
immer, 1998), and inability to proliferate in human neu-
oblastoma cells (SK-N-MC) due to the replacement of
he cognate IRES with that of HRV2 [PV1(RIPO), Gromeier
t al., 1996]. PV1(RIPO) also had a mutation that con-
erred resistance to 2 mM Gua–HCl and was thus called
he PV1(RIPO)gr parent. During these cell-free recombi-
ation studies we found that the replication of
V1(RIPO)gr RNA could be complemented by PV1(M)gs
NA to yield infectious virus five orders of magnitude
igher than when no PV1(M)gs RNA was present in the
eaction mixture (Duggal et al., 1997). The PV1(M)gs RNA
nd PV1(RIPO)gr RNA used for these recombination
tudies were isolated from cesium chloride-purified po-
iovirions. To analyze the complementation phenomenon
urther we employed two different RNA transcripts gen-
rated by in vitro transcription with T7 transcriptase from
he same poliovirus cDNA [encoding PV1(M)gs]. The first
ranscript was obtained after the plasmid was linearized
t the EcoRI (RI) restriction site, the second after it was
inearized at the PvuI restriction site, two loci down-
tream of the genome-encoded poly(A) tail (Fig. 1).
hereas the RI-linearized transcript carries three extra
onviral bases 39 to the poly(A) tail, the PvuI transcript
as 626 nonviral nucleotides downstream of the poly(A)
viral transcripts with that of virion purified RNA in the cell-free system.
own as an open box and the lines on either side represent the 59 and
NA for carrying out run-off transcription, the EcoRI site (adds 3 extra
bar graph the three columns represent the RNAs shown along the Xd polio
F is sh
the cD
. In theail. It is important to note that both transcripts are
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32 DUGGAL AND WIMMERqually efficient as mRNA in the HeLa cell-free system
data not shown). However, these two types of polioviral
ranscripts were found to express large differences in
heir ability to replicate in the cell-free system. When
nalyzed under identical conditions, the reactions pro-
rammed with the PvuI transcripts (PVM txpt. PvuI) pro-
uced very little, if any, virus [,10 plaque-forming units
PFU)/ml], whereas the RI transcript (PVM txpt. RI) pro-
uced virus titers two orders of magnitude lower than
NA from cesium chloride-purified poliovirions (PVM
RNA; Fig. 1). The latter, of course, has an authentic
9-terminal poly(A) (Yogo and Wimmer, 1972).
To determine the effects of the two types of RNA
ranscripts on the complementation of replication of
V1(RIPO)gr RNA, we coincubated the virion-purified
V1(RIPO)gr RNA with either of the two types of RNA
ranscripts in the cell-free system. The yield of
V1(RIPO)gr was then assayed on HeLa cells in the
resence of Gua–HCl. The yield of recombinants was
ssayed on SK-N-MC cells in the presence of Gua–HCl
nd subtracted from the PV1(RIPO)gr virus yield. The PvuI
ranscript complemented PV1(RIPO)gr replication very
oorly, whereas the RI transcript provided excellent sup-
ort for PV1(RIPO)gr replication, with 1000 ng of this
FIG. 2. The ability of a polioviral RNA to complement the replication
ell-free system. The polioviral cDNA is depicted above the bar chart
epresent the 59 and 39 untranslated regions. The two restriction sites
ite (adds 3 extra nonviral bases) and the PvuI site (adds 626 nonviral ba
f polioviral transcript RNAs and viral RNA (along the X axis) that com
FU/ml along the Y axis. The yield of PV1(RIPO)gr in the absence of cranscript complementing PV1(RIPO)gr replication to lev- bls very similar to 600 ng of PVM vRNA (Fig. 2). We
nterpret these data to mean that replication of
V1(RIPO)gr in the cell-free system can be comple-
ented in trans, but that this is dependent on the repli-
ation ability of the complementing RNA molecule (see
iscussion).
eneration of additional markers to further map
ross-over sites
In our previous study on cell-free recombination, by
sing silent genetic markers (restriction sites) all the
ecombinants between the two polioviral strains were
ound to have arisen by cross-over between the parental
trains that had occurred between the SacI and the StuI
estriction sites in PV1(RIPO)gr (Fig. 3; Duggal et al.,
997).
To further define the region of recombination, we have
ow introduced four additional restriction sites in the
oding region for the P1 structural protein of PV1(M)gs.
he sites in the 59 to 39 direction are SalI (position nt
098), SacI (position nt 1902), BglII (position nt 2686), and
alI (position nt 3332) (Fig. 3). The mutagenesis to create
he restriction sites was carried out to alter the codons
1(RIPO)gr RNA replication depends on its capacity to replicate in the
olioviral ORF is shown as an open box and the lines on either side
r linearizing the cDNA for carrying out run-off transcription, the EcoRI
re shown. In the bar graph the columns represent the various amounts
t the replication of PV1(RIPO)gr shown in terms of virus titer in log10
ating wt polioviral RNA is 102 PFU/ml (Duggal et al., 1997).of PV
. The p
used fo
ses), a
plemenut to retain the amino acid sequence of the proteins.
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33GENETIC RECOMBINATION OF POLIOVIRUSFIG. 3. Mapping of cross-over sites for five recombinants that were generated in the poliovirus cell-free system from one representative experiment.
he genome representation for wild-type PV, PV1(M)gs with the four new silent restriction sites and that of PV1(RIPO)gr with previous restrictions sites
nd the marker for Gua–HCl resistance (gr) are shown. Below the genome representation are agarose gels showing RT-PCR products of the PV1(M)gs,
V1(RIPO)gr, and five recombinants after being digested with restriction enzymes SalI and BglII (A&B), with restriction enzyme SacI (C), and with
estriction enzyme StuI (D). All the gels shown are 0.8% agarose gels. Lanes 5 in A&B, C, and D contain a DNA molecular weight marker. Sizes of
he bands are indicated to the left.
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34 DUGGAL AND WIMMERranscript RNA of the variant cDNA, carrying the addi-
ional four silent restriction sites, was used to transfect
eLa cells. The resulting virus had a burst and plaque
ize identical to that of wild-type virus (data not shown).
ell-free recombination using the new PV1(M)gs
ariant
Recombination reactions were carried out in the cell-
ree system at 34°C (Molla et al., 1993) using viral RNAs
f the PV1(M)gs variant carrying the four additional mark-
rs in the structural protein region as well as viral RNA of
V1(RIPO)gr (Duggal et al., 1997). Recombinants were
elected on the neuroblastoma cell line SK-N-MC
Gromeier et al., 1996) in the presence of 1 mM Gua–HCl.
n variation with our previous study, we have reduced the
ua–HCl concentration from 2 to 1 mM as this aided
rowth of the SK-N-MC cells while at the same time it still
nhibited the growth of the PV1(M)gs parent (data not
hown).
Plaques of 17 recombinants from 10 separate reac-
ions were picked from SK-N-MC cells (Duggal et al.,
997). Viruses from different plaques were used to infect
K-N-MC cells in the presence of 1 mM Gua–HCl and
iral RNA was extracted from the infected cells and
ubjected to RT-PCR analyses. To examine cross-over
ites using the newly generated restriction sites, a
802-bp PCR product covering most of the structural
rotein region and part of protein 2A was digested with
he enzymes restricting at the respective new sites (Figs.
A, 3B, and 3C). As expected, the PCR product for the
arent PV1(RIPO)gr was not digested by either of the
estriction enzymes (Fig. 3A, 3B, and 3C, lanes 2),
hereas the PCR product for the variant PV1(M)gs parent
as digested with all four restriction enzymes specific
or the new sites (Figs. 3A, 3B, and 3C, lanes 1). Using
he new sites and a previously created StuI site unique
or the PV1(RIPO)gr genome (Duggal et al., 1997), map-
ing of the cross-over sites of five recombinants gener-
ted in the cell-free system from a representative exper-
ment is shown in Fig. 3 (lanes 3, 4, 6, 7, and 8). In Fig. 4A,
bar graph is used to show the fraction of the recom-
inants (percentage of the total of 17 recombinants)
nder their respective regions of cross-over between the
enomes of PV1(M)gs and PV1(RIPO)gr. This graph does
ot show any apparent preference for a specific site in
he genomic RNAs for cross-over to occur.
omparison of cross-over patterns in the HeLa
ell-free system to cross-over patterns in
nfected HeLa cells at 37°C
We were interested to compare the results of in vitro
ecombination (at 34°C) with those of recombination in
nfected HeLa cells at the physiological temperature of
7°C. Particular emphasis was given to compare the
ross-over pattern in vitro to that in vivo. 3HeLa cells were coinfected at equal multiplicities of
nfection (MOIs) with PV1(M)gs and PV1(RIPO)gr parent
iruses at 37°C (see Materials and Methods). Recombi-
ants were selected by plating the cytoplasmic extracts
n monolayers of SK-N-MC in the presence of 1 mM
ua–HCl. Plaques of recombinants were picked, the
iruses were propagated, and the genotypes were de-
ermined as described for the in vitro recombinants. The
attern of cross-over for 20 recombinants from 10 coin-
ections, as determined by RT-PCR analyses and restric-
ion digestions, are shown in Fig. 4B. It should be noted
hat an additional previously created restriction site
XhoI), unique for the PV1(RIPO)gr genome, was em-
loyed (Duggal et al., 1997). Unexpectedly, the pattern of
ross-over sites that emerged at 37°C in vivo differed
ignificantly from that obtained for recombinants in the
ell-free system at 34°C (compare Fig. 4A with 4B). Only
0% of the recombinants at 37°C in vivo crossed over in
he sequences specifying the capsid coding proteins, a
egion where 70.5% of the recombinants mapped in the
ell-free system.
ltering the in vivo temperature changes the
ross-over pattern
Poliovirus cell-free synthesis occurs maximally at
4°C, whereas at higher temperatures ($36°C), the yield
f virus is extremely low, if detectable at all (Molla et al.,
993). Thus, it was impossible to repeat the in vitro
xperiments at 37°C and compare the results with the in
ivo results described here. Therefore, we carried out the
n vivo experiments at 34°C to determine whether the in
itro cross-over pattern was peculiar to the cell-free
ystem or related to the temperature at which genome
eplication occurs.
HeLa cells were coinfected with PV1(M)gs and
V1(RIPO)gr parent viruses as described above but in-
ubation of the infected cells was carried out at 34°C.
rom 8 coinfections, 12 recombinants were recovered
nd subjected to RT-PCR followed by restriction diges-
ion analyses. Remarkably, the cross-over pattern of the
ecombinants obtained in vivo at 34°C had significantly
hanged. It did not show a preference for a specific
egion of the poliovirus genome. Rather, it was quite
imilar to that obtained for the recombinants recovered
n the cell-free system (compare Fig. 5A with 5B).
Coinfections of HeLa cells with the same parent vi-
uses were also carried out at 40°C. Twenty-five recom-
inant plaques were examined from 11 coinfections. The
ross-over pattern of the recombinants obtained at this
emperature was similar to that obtained at 37°C, but it
as different from that observed in vivo at 34°C and from
hat of the cell-free system (Fig. 6). Especially pro-
ounced was the fraction of recombinants in the region
f cross-over between the StuI and the XhoI sites. At
4°C about 25% of in vivo recombinants crossed over in
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35GENETIC RECOMBINATION OF POLIOVIRUShis region, at 37°C the percentage of total in vivo re-
ombinants went up to 40%, and at 40°C, about 50% of
he total recombinants crossed over in this region.
rowth kinetics of recombinants at different
ross-over regions
It could be argued that the different patterns of cross-
ver resulted from selection of the recombinants based
n superior growth at the higher or lower temperatures.
FIG. 4. Pattern of cross-over of the recombinants obtained in the cell-
egions of cross-over as defined by the new restriction sites on PV1(M
ix differently shaded columns between the two genomes. The bar gra
enerated in the cell-free system at 34°C (A) and in vivo at 37°C (B) te tested this possibility by comparing the growth kinet- ncs of several recombinants at 40°C. Specifically, we
sed two recombinants that had arisen from frequent
ross-over between the StuI and XhoI sites (Stu–Xho),
ne recombinant that had crossed over between the 59
alI site and the SacI site (Sal–Sac), and one recombi-
ant that had the cross-over junction between the SacI
nd the BglII sites (Sac–Bgl). The latter two recombinants
all into the group of infrequent cross-overs.
One-step growth experiments with these recombi-
stem at 34°C and after recombination in vivo at 37°C. The six different
the previously existing restriction sites on PV1(RIPO)gr are shown by
low the genomes represent the percentage of the total recombinants
crossed over in each of the six defined regions of cross-over.free sy
)gs and
phs beants at 40°C revealed very similar growth kinetics (Fig.
7
t
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f
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s
g
36 DUGGAL AND WIMMER), an observation suggesting that crossing over be-
ween the StuI and the XhoI sites at 40°C did not give an
ndue replication advantage to the progeny recombi-
ants at this temperature. A slight difference in the
rowth curves is an apparently earlier uncoating event
FIG. 5. Pattern of cross-over of the recombinants obtained in the cell-
egions of cross-over as defined by the new restriction sites on PV1(M
ix differently shaded columns between the two genomes. The bar gra
enerated in the cell-free system at 34°C (A) and in vivo at 34°C (B) tor one of the StuI–XhoI recombinants (Fig. 7, solid cir- rles). We believe that this is due to experimental varia-
ion.
We conclude that the distinct cross-over patterns ob-
erved at a given temperature in vivo did not result from
election of recombinants that were especially fit to
stem at 34°C and after recombination in vivo at 34°C. The six different
the previously existing restriction sites on PV1(RIPO)gr are shown by
low the genomes represent the percentage of the total recombinants
crossed over in each of the six defined regions of cross-over.free sy
)gs and
phs be
hat hadeplicate at this temperature.
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37GENETIC RECOMBINATION OF POLIOVIRUSDISCUSSION
A major unsolved question in genetic recombination of
oliovirus is the signal at which the nascent minus-
trand decides to leave its cognate template and switch
o another template. Clearly, the viral RNA polymerase
Dpol must pause during minus-strand synthesis (Kirke-
aard and Baltimore, 1986) to give the replication com-
lex a chance to adopt the new template. Are pausing
FIG. 6. Pattern of cross-over of the recombinants obtained in vivo at t
y the new restriction sites on PV1(M)gs and the previously existing re
he bar graphs represent the percentage of the total recombinants ge
f the six defined regions of cross-over.nd cross-over a random phenomenon followed by se-ection of genotypes during subsequent replication [a
echanism favored by Jarvis and Kirkegaard (1991,
992)]? Or are pausing and cross-over favored in regions
f distinct secondary structure of the parental template [a
echanism favored by Agol and his colleagues (Ro-
anova et al., 1986; Tolskaya et al., 1987)]? Are there
dditional cis-acting sequence signals that favor cross-
ver (King, 1988b)?
fferent temperatures. The six different regions of cross-over as defined
n sites on PV1(RIPO)gr are shown by six differently shaded columns.
in vivo at 34 (A), 37 (B), and 40°C (C) that had crossed over in eachhree di
strictio
neratedOur data are not adequate to make a decision be-
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38 DUGGAL AND WIMMERween these possible mechanisms. However, the pro-
ounced change in cross-over patterns as the result of
FIG. 7. One-step growth kinetics of four recombinant isolates at 40°
quares indicate two independent recombinants that had crossed over w
nd open circles represent the recombinants that had crossed over at
ites, respectively. The X axis represents hours postinfection (hpi) andemperature can be explained if RNA structures promote ahe site of 3Dpol pausing and recombination. The forma-
ion of specific structures (combined with protein inter-
eLa cells in the presence of 2 mM Gua–HCl. Black circles and gray
e dominant region between the StuI and the XhoI sites. Open triangles
s frequent regions between the 59 SalI–SacI sites and the SacI–BglII
axis shows log10 PFU/ml.C in H
ithin thctions?) could depend on a given temperature, a phe-
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39GENETIC RECOMBINATION OF POLIOVIRUSomenon that may influence the progression of the rep-
ication complex.
A correlation between secondary structures and re-
ombination has also been reported for foot-and-mouth
isease virus, in which the cross-over sites were found
o be located in regions of RNA that had a tendency to
ave strong secondary structure (Wilson et al., 1988).
articularly striking is the structure-specific determina-
ion of cross-over sites that has been identified in sub-
iral RNAs of the plant virus, turnip crinkle virus (Cas-
one et al., 1993). The mechanism as to how RNA sec-
ndary structure could favor recombination is still a
atter of speculation. In a model proposed by Romanova
t al. (1986), the formation of intermolecular duplexes
etween regions of pronounced secondary structure
as speculated to induce pausing and strand switching
reviewed in Wimmer et al., 1993).
Preferred recombination 39 of the StuI site in vivo, as
e have described here, was also observed by Tolskaya
t al. (1987), who studied intertypic poliovirus recombi-
ation at 37°C. In contrast, Kirkegaard and Baltimore
1986) did not find sequence-related determination of
ross-over sites for intertypic poliovirus recombinants.
irkegaard and Baltimore (1986), however, studied re-
ombination in vivo at 32°C. Our data serve to explain
his discrepancy in cross-over sites by the two groups.
The accumulation of region-specific cross-over at a
iven temperature is not the result of selection of recom-
inants that are favored to replicate at temperatures of
4, 37, or 40°C. We have come to this conclusion from
imilar replication kinetics of recombinant isolates aris-
ng by crossing over at three different regions. Hence,
he apparent preference for crossing over between the
tuI and the XhoI sites is not due to the accumulation of
enotypes conferring pronounced fitness to the offspring
iruses. Furthermore, the effect of temperature on cross-
ng over, observed in this study, does not appear to be
ue to significant differences in frequencies of recombi-
ation at different temperatures. The frequency of recom-
ination calculated by us for cell-free recombination at
4°C (1024; Duggal et al., 1997) is similar to the fre-
uency of recombination observed in vivo at 37°C for the
ame markers and parents used in the cell-free system
data not shown).
It is tempting to speculate that poliovirus type 1 has
volved such that, at the physiological temperature
37°C), it favors cross-over in the central region of the
enome. Whether this may be the case for the other two
erotypes of poliovirus will have to be determined. The
ucleotide sequences of type 2 and type 3 polioviruses
re 71% homologous to the sequence of serotype 1
Toyoda et al., 1984). We speculate that genetic ex-
hanges in the coding region of the capsid region would
e tolerable only in recombination of sibling strands of a
iven genotype (Cao et al., 1993) since the sequences ofheir capsid region would be nearly identical. Intersero- fypic recombination of two different serotypes in the
apsid region, on the other hand, is likely to be a rare
vent and could, in addition, lead to replication-deficient,
f not lethal, phenotypes. This follows from the fact that
he capsid sequences are the most diverse between
ypes 1, 2, and 3 (in disfavor of homologous recombina-
ion), and proteolytic processing and folding of the cap-
id polypeptides are extremely sensitive to changes in
he amino acid sequence of the capsid precursor (see,
or example, Murray et al., 1988). Thus, the three sero-
ypes of polioviruses, in order to readily exchange their
enetic information by recombination at the physiologi-
al temperature, may favor cross-over in the genome
egion encoding the nonstructural proteins that carries
he highest degree of homology.
While studying poliovirus recombination in the cell-
ree system, we observed that the replication of one of
he parents [PV1(RIPO)gr] could be complemented by the
ther parent, PV1(M)gs (Duggal et al., 1997). In the
resent study we have investigated this phenomenon
urther and found that two polioviral transcripts with
ifferent lengths of nonviral bases downstream of the
oly(A) tail express very different abilities to replicate in
he cell-free system. This observation reflects, in some
espect, a report by Sarnow (1989), who studied the role
f 39-terminal sequences of in vitro synthesized poliovi-
us transcripts during in vivo poliovirus replication in
ammalian cells. Interestingly, in the current study, the
bility of a transcript to replicate and yield infectious
irus paralleled the ability of the transcript to comple-
ent replication of PV1(RIPO)gr. This phenomenon is not
he result of different efficiencies by which these tran-
cripts can direct protein synthesis in the cell-free sys-
em. We have previously observed that poorly replicating
erivatives of the poliovirus genome, regardless of
hether assayed in the presence or in the absence of 2
M Gua–HCl, produced equal amounts of protein in the
ell-free system when compared to wild-type poliovirus
NA (Molla et al., 1991; Duggal et al., 1997; Cuconati and
immer, unpublished results). Thus, the inability of the
VM txpt PvuI transcripts to complement PV1(RIPO)gr
NA cannot be due to a decreased supply of viral pro-
ein(s) in trans (for example, the Gua–HCl-resistant
CATPase; Pfister and Wimmer, 1998). Rather, it is likely
hat the complementing genome may supply a specific
omplex of proteins that is formed only during replica-
ion.
MATERIALS AND METHODS
lasmid constructions, in vitro transcription, and
eLa cell transfection
Four additional silent restriction sites, two SalI sites,
ne SacI site, and one BglII site, were generated at
ositions 1098, 3332, 1902, and 2686 bp, respectively,rom the 59 end by using the Quickchange mutagenesis
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40 DUGGAL AND WIMMERit (Stratagene). The template for the mutagenesis reac-
ion was the cloned polioviral cDNA, pT7PN6 (Trono et
l., 1988). pT7PN6 is the wild-type polioviral cDNA cloned
ownstream of the T7 promoter but lacks the restriction
ites present on the cloned cDNA of PV1(RIPO)gr
pT7PV1(RIPO)gr] that are also used as markers for de-
ermining cross-over sites. pT7PN6 with four new restric-
ion sites was linearized at the PvuI site in the vector and
T7PV1(RIPO)gr was linearized at the FspI site in the
ector. Two micrograms of the linearized DNA was used
or in vitro transcription reactions using T7 RNA polymer-
se (van der Werf et al., 1986). Transcripts were incu-
ated on ice for 30 min with 300 ml of 0.5 mg/ml of DEAE
extran (Sigma) in 13 HeBSS buffer (5 g/L of HEPES, 8
/L of NaCl, 0.36 g/L of KCl, 0.125 g/L of Na2HPO4 z 2H2O,
0 g/L of dextrose). The transcript–DEAE dextran mixture
as then spread over HeLa cells (R19) in 35-mm plates.
he cells were then rocked on a shaker with the tran-
cript–DEAE dextran mixture for 30 min at room temper-
ture. The mixture was then aspirated off, and the cells
ere washed once with 13 DMEM (Gibco BRL) and then
ncubated at 37°C in 13 DMEM containing fetal bovine
erum (FBS).
ells and viruses
HeLa cells (R19) and SK-N-MC cells (a neuroblastoma
ell line) were grown in Dulbecco’s modified Eagle’s
edium (DMEM, Gibco BRL) with 5 and 10% FBS, re-
pectively, and 100 m/ml of penicillin and 100 mg/ml of
treptomycin sulfate (Gibco BRL). Stocks of PV1(M)gs
nd PV1(RIPO)gr viruses were grown on HeLa cells in
5-cm dishes by propagating supernatants of HeLa cells
ransfected with the transcripts from the two cDNAs.
laque assays were carried out as described previously
Duggal et al., 1997), except that for SK-N-MC cells, (i)
0% fetal bovine serum was used and (ii) when recom-
inants were being selected 1 mM instead of 2 mM
ua–HCl was used in the noble agar overlay, since the
ower concentration of Gua–HCl helps the cells grow
etter and is adequate for selection. For coinfection
xperiments PV1(M)gs and PV1(RIPO)gr viruses were
sed for infecting HeLa cells at an equal MOI of 10.
NA preparation, cell-free recombination, and RT-PCR
nalyses
Individual recombinant plaques were picked from SK-
-MC cells grown in the presence of 1 mM Gua–HCl and
mplified once in SK-N-MC cells in the presence of 2 mM
ua–HCl for 24 h. Total nucleic acid was extracted as
escribed in Duggal et al. (1997). RNA from cesium
hloride purified virus was extracted as described pre-
iously (Duggal et al., 1997). Cell-free replication and
ecombination reactions using RNA from cesium chlo-
ide-purified virions (viral RNAs) or transcript RNAs were
arried out as described previously (Duggal et al., 1997).riefly, for recombination experiments, the 50-ml reac-
ions contained 600 ng each of PV1(RIPO)gr and
V1(M)gs viral RNAs. Each 50-ml reaction was composed
f 35.2 ml of a master mix (see below), 8.8 ml of virion
NA (1.2 mg), and 6 ml of micrococcal nuclease-treated
abbit reticulocyte lysate (Promega). The 35.2 ml of mas-
er mix contained 19.2 ml of a S3 HeLa S-10 extract
repared as described by Molla et al. (1991), 6.56 ml of
ranslation mixture (8 mM ATP, 480 mM GTP, 80 mM
reatine phosphate, 200 mg/ml creatine phosphokinase,
50 mM K-HEPES, pH 7.4, 200 mg/ml calf liver tRNA, 100
M amino acid mixture without methionine, 2 mM sper-
idine in 10 mM K-HEPES), 545 mM magnesium acetate,
.3 mM magnesium chloride, 160 mM potassium acetate,
0 mM each amino acid (minus leucine or cysteine;
romega), 0.43 unit/ml RNasin (Promega), 284 ml each of
TP and UTP, and 204 mM GTP. The reaction was carried
ut at 34°C for 12–15 h. For complementation experi-
ents shown in Fig. 2, 600 ng of PV1(RIPO)gr viral RNA
as incubated with various amounts of polioviral tran-
cript RNAs and viral RNA, as shown in the figure. RT-
CR analyses were carried out as described by Duggal
t al. (1997).
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